In this work the spectrally resolved, multigroup and mean radiative opacities of carbon plasmas are calculated for a wide range of plasma conditions which cover situations where corona, local thermodynamic and non-local thermodynamic equilibrium regimes are found. An analysis of the influence of the thermodynamic regime on these magnitudes is also carried out by means of comparisons of the results obtained from collisional-radiative, corona or Saha-Boltzmann equations. All the calculations presented in this work were performed using ABAKO/RAPCAL code.
Introduction
The role of the radiative properties is known to be of decisive importance to many research fields of plasma physics, such as astrophysics or nuclear fusion both inertial and magnetic confinement, since they are essential to explain and analyze the experiments or observations and a key radiative property is the opacity, which quantifies how transparent or opaque the plasma is to the radiation. Thus, in astrophysics, the opacities of stellar mixtures control the energy transfer in stars, which affects the stellar structure and evolution [1] , and rule the levitation of metals in stellar interiors [2] . In the research of inertial confinement fusion the opacities are essential in the design of hohlraum walls. Furthermore, they are involved in radiative-hydrodynamic simulations where the energy of the matter and the radiation are of the same order, and, also, the theoretical calculations of opacity also provide a method to the temperature and density diagnostics of hot plasmas.
Due to its relevance, research on radiative opacities has greatly developed during the past several decades, though most of them were focused on Local Thermodynamic Equilibrium (LTE) regime [3] [4] [5] [6] [7] [8] . However, NonLocal Thermodynamic Equilibrium (NLTE) plasmas are found in a wide range of density and temperature conditions as for example in inertial confinement fusion (both direct and indirect-drive fusion schemes), in magnetic confinement fusion (both in tokamaks and stellarator devices), z-pinch plasmas, coherent X-ray sources, ultrashort pulse laser-produced plasmas or stellar atmospheres. On the hydrodynamic time scales, NLTE thermodynamic regime is favored when the plasma presents strong time and space gradients and hence there is not enough time for equilibrium to be achieved, or even in the case of homogeneous and time independent plasma, NLTE conditions exist if plasma is of finite size and the photon can escape from it.
In principle, the calculation of opacity for LTE plasmas is as similar as that for NLTE plasmas except that the calculation of the atomic level populations is different. In the first case, the level populations are obtained by solving the Saha-Boltzmann (SB) equations, and in the second one, the populations are obtained by solving the rate equations, being the so-called collisional-radiative model (CRM) an essential tool for these calculations. However, the complexity of the rate equations, which requires a huge amount of atomic data and collisional and radiative atomic processes, makes much more difficult to give accurate level populations and radiative properties for NLTE plasmas than for LTE ones. For this reason, during the recent years many groups have been developing NLTE radiative properties calculations and codes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , and new models and results are always welcomed.
Carbon is one of the most important elements under investigation in several research areas: in astrophysics, due to its abundance in the stars; in magnetic nuclear fusion confinement, because it is likely to be a major plasma-facing wall component in the international experimental reactor (ITER) and it is present as impurity in a lot of devices; and it plays a major role in inertial fusion scenarios, for example, in the direct-drive implosion cores where the deuterium target has a thickness plastic shells. In a previous work [27] , we presented a systematic calculation of average ionization, ionic and level populations of the optically thin carbon plasma in a wide range of plasma conditions. We assumed that the comparison between the average ionization and ion and level populations calculated from collisional-radiative steady state (CRSS), Corona (C) and SB equations can provide information about the thermodynamic regime of the plasma, determining the plasma conditions where Corona equilibrium (CE), LTE or NLTE could be assumed. This work is a continuation of the previous one, since it is performed a study of spectrally resolved, multigroup and mean opacities of carbon plasmas. The interest in multigroup and mean opacities is related to the resolution of the radiative transport equation. It is well known that this equation is very complicated and, in general, one must approximate the radiative equation in order to obtain an analytical solution or to reduce the cost of the numerical solution. The aim of a large number of applications is to obtain numerical solution of the specific intensity in the space and time, and approximations on the angle and frequency dependence are commonly done. Usually, the angular dependence is represented by a spherical harmonic expansion in the low order angular or diffusion approach which is obtained when only the first two terms in the expansion are considered. There exist many methods to approximate the frequency dependence, and we can divide these into two families. The first one, the multigroup methods in which the frequency spectrum is discretized into n frequency contiguous groups, assigning a frequency group to a given photon and a mean opacity for each frequency group from the average of the spectrally resolved opacity. Finally, the radiative transport equation is solve for each group. The second method is based on the key recognition that transport of photons depends on the value of the opacity not the value of the frequency. In this case one can discretize spectrally resolved opacity into n b opacity contiguous groups and reorganize the frequency spectra according to the value of the opacity. This creates disjoint sets of frequencies, the bins or pickets, with similar spectrally resolved opacity. Now we assign a mean opacity for each bin and solve the transport equation for each one. Both methods require a procedure or definition to obtain the mean opacity, which consist in the selection of the photon distribution function or weighting function, and this can of course be made by different ways. Special cases commonly used are the Planck mean opacity, which is appropriate in the time independent radiative transport in a LTE optically thin plasmas, or if the equilibrium diffusion approximation is considered, the Rosseland mean opacity.
The temperature and density conditions analyzed in this work were ÍCT^-ICT 1 g cm~3 and 1-10 3 eV, respectively. These ranges of plasma conditions cover LTE and NLTE thermodynamic regimes. This fact will allow us to provide the opacity data of carbon plasma in a wide range of plasma conditions and to study the influence of the thermodynamic regime into opacities by means of the comparisons between opacities calculated by using level populations obtained from CRSS and SB equations. The study will be carried out analysing spectrally resolved, multigroup and mean opacity magnitudes, we have assumed Planck and Rosseland multigroup and mean opacities, and all the calculations presented in this work were performed using the ABAKO/RAPCAL computational package [22, 26, 28] . The atomic data have been obtained under the detailed-level-accounting (DIA) approach including configuration mixing using FAC code [29] . In the next section, the theoretical model is briefly described. In Sections 3 and 4 results and conclusions are presented, respectively.
Theoretical model
The calculations in this work were performed using the computational package ABAKO/RAPCAL [28] which consists in two codes, ABAKO [26] and RAPCAL [21, 22] devoted to the calculation of the plasma level populations and radiative properties, respectively. A brief description of both codes is given in the following.
Atomic data and level populations
In order to determine the plasma level populations, in ABAKO is implemented a collisional-radiative steady state (CRSS) model. Following the standard NLTE modeling approach, where an account of the existing atomic states is made and the microscopic (radiative and collisional) processes connecting these states are identified, a rate equation system describing the population density of the atomic states is built and solved, giving the population distribution. Therefore, to find the level population distribution the following system of rate equations is solved:
where N fi is the population density of the atomic level i of the ion with charge state (. The terms Tí->C¡ and s O->Ci take into account all the atomic processes which contribute to populate and depopulate the state (¡, respectively. In this paper no radiation-driven processes are explicitly considered. In ABAKO is assumed that the system has had enough time to thermalize and, therefore, both the electrons and ions have a Maxwell-Boltzmann type energy distribution. Furthermore, in ABAKO is also assumed that electron and ion temperatures are equal. Therefore, in the following, it will denote the plasma temperature by the electron temperature T e . The CRSS implemented in ABAKO is applied to low-tohigh Z ions under a wide range of laboratory or astrophysical plasma conditions: CE, NLTE or LTE, optically thin and thick plasmas, homogeneous and non-homogeneous plasmas. A special care was taken during the development of this CRSS model to achieve an optimal equilibrium between accuracy and computational cost. Hence, it has been employed analytical expressions for the rate coefficients of the atomic processes included in the CRSS model, which yield a substantial saving of computational requirements, but providing satisfactory results in relation to those obtained from more sophisticated codes and experimental data as it has been proved in the last NLTE code comparison workshops [30] [31] [32] . The processes included in this CRSS model are the following: collisional ionization [33] and three-body recombination, spontaneous decay, collisional excitation [34] and deexcitation, radiative recombination [35] , electron capture and autoionization [36] . Between brackets it has been added the references where from their approximated analytical rates coefficients have been acquired. The rates of the inverse processes are obtained through the detailed balance principle. It is worth pointing out that the autoionizing states are included explicitly. It has been shown that their contribution can be critical in the determination of the ionization balance, overall at low electron densities and high temperatures where CE is achieved [37, 38] . The cross section of the autoionization is evaluated using detailed balance principle from the electron capture cross section. This one is obtained from the collisional excitation cross section using a known approximation [36] . Finally, when LTE conditions are attained, the level populations in ABAKO can be also obtained by means of the SB equations.
Since the number of rate equations is huge due to the number of atomic levels involved, ABAKO makes use of the technique of sparse matrices to storage the non-zero elements of the coefficient matrix of the system, which implies substantial savings in memory requirement. For the matrix inversion iterative procedures have been used [28] because they entail much less memory than direct methods and they are also faster.
The atomic data employed in this work were obtained form FAC code [29] . The calculations were carried out in the DLA approach. The radiative transitions rates in FAC are calculated in the single multipole approximation, and in this work they were obtained in the electric dipole approach. Furthermore, configuration interactions within the levels belonging to the same non-relativistic configuration have been included since it has been shown that for carbon plasmas, when the less ionized ions are present, the effect of configuration interaction is noticeable [39] . In Table 1 it is shown the set of relativistic configurations and the numbers of resulting levels and line transitions included for each carbon ion in the calculation of the level populations and opacities. In the table (n) w denotes all the possible relativistic configurations that arise from the shell n with w bound electrons. Finally, the continuum lowering due to the influence of the plasma surrounding is also considered. In this work, this one is calculated by means of the expression due to Stewart and Pyatt [40] . Because of the inclusion of the continuum lowering, the kinetics equations must be solved iteratively, since the atomic data depend on the ionization balance.
Spectrally resolved and mean radiative opacities
RAPCAL code was developed to obtain several relevant plasma radiative properties such as the monochromatic absorption and emission coefficients, mean and multigroup opacities, source functions, radiative power losses, specific intensities and plasma transmission. A detailed Table 1 Set of configurations and the numbers of relativistic configurations, levels and line transitions considered in the calculations performed by ABAKO/RAPCAL code for carbon ions (n < 10, n' < 6). description of the code can be found in [22] . For this work, the interest has been mainly focused on the spectrally resolved and mean opacities. The monochromatic absorption coefficient, denoted as K(V), includes the boundbound, bound-free and free-free contributions:
where v is the photon frequency. The bound-bound contribution to the absorption coefficient is given by 
where T¡ is the ionic temperature and M is the ion mass. And, finally, the collisional broadening is given by r" 
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where n e is the electron density, m e is the electron mass, ¡i running over the relativistic orbitals involved in the transition, and finally, n and / are the principal and angular quantum number of the orbitals, respectively. The bound-free contribution to the absorption is given by
.pho
gc+ijg(e) (9) where/(e) is the Maxwell-Boltzmann distribution for the free electrons and g(e) is the density of states with free electron energy e which, assuming an ideal gas of free electrons, is given by
1000 T e (eV) The photoionization cross section, cff^r^.OO, has been evaluated using the semiclassical expression of Kramers [35] . Finally, the free-free contribution to the absorption coefficient is given by
where a Maxwell-Boltzmann distribution for the free electrons has been assumed. The Kramers semi-classical expression for the inverse bremsstrahlung cross section of each ion state ( has been used [44] «f(v) = 
where a is the fine structure constant. Finally, it is obtained
with n ion the total ion density and alpha the fine structure constant. In order to determine the opacity, k(v), it is also taken into account the absorption due to the scattering of photons. In RAPCAL this one is approximated using the Thomson scattering cross section [43]
with a Thom = 6.65 x 1(T 25 cm 2 . Finally, the opacity is given by
( 15) with p the matter density.
As it was said in Introduction, in the resolution of the radiative transport equation it is necessary to define the multigroup or mean opacities as the average of the spectrally resolved opacity by using a convenient distribution function of the photon frequency. If we select a huge amount of multigroups of frequency, such as the opacity can be considered nearly constant function of the frequency into each group, then the choice of distribution function is not crucial. In the other case, the use of different weighting functions can lead to quite different results. In practice, the mean opacity is generally taken as either a group Planck and group Rosseland mean opacities which are given by [8] fep (Vi,v i+ 
where B(y,T) is the normalized Planckian function,
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where the interval (v¡,v i+1 ) defines each frequency group. At the grey transport approximation only one group is considered, and, in this case, the interval of frequencies is (0,oo).
Results
This section is divided into three parts. The first one is devoted to the analysis of the average ionization, the ion populations and the thermodynamic regimes as a function of the plasma conditions. This study will allow us to identify which are the most abundant ions that contribute to the radiative opacity of the optically thin carbon plasmas and also when LTE or NLTE regimes can be assumed. In the second part it is carried out an study of the influence of the thermodynamic regime into the spectrally resolved and mean opacities, by means of the comparison between the opacities calculated using the CRSS and the SB equations implemented in ABAKO. Finally, in the third part, it is performed a similar analysis on the multigroup opacities. The ranges of electron temperatures and matter densities considered in this work are 1-10 3 eV and ÍCT^-ICT 1 gem -3 , respectively. These plasma conditions provide electron densities in the range 10 10 -10 22 cm-3 . Table 2 Average ionization for optically thin carbon plasmas in a wide range of plasma conditions. T e in eV and p in g cm -3 . 
Analysis of the ion populations and thermodynamic regimes
As it was said in Introduction, the knowledge of the thermodynamic regimes and the ion populations is a valuable information for further calculations. By means of the resolution of the CRSS implemented in ABAKO we have obtained the average ionization and the fractional ion populations in the range of temperature and density before mentioned. Thus, in Fig. 1 are shown the fractional ion populations of the seven ions of carbon and in Table 2 are listed the values of the average ionization for several plasma conditions. From the figure we can distinguish three regions in the electron temperature. The first one is associated to temperatures between 1 and 10 eV. Only in this range of temperatures the fractional populations of Clike and B-like ions are noticeable. Their relative relevance decreases as the temperature grows up. Moreover, it is also observed that the relevance of C-like ion decreases as the density of matter does. As it was concluded in [39, 49] , when the less ionized ions of carbon are the most abundant, i.e. in this range of plasma conditions, accurate calculations of plasma atomic level populations and radiative properties require that the atomic data are obtained under the DLA approach including configuration-interaction effects. [27] for matter densities lower than 10~7gcm~3 and temperatures between 25 and 50 eV the carbon plasma can be assumed as in CE and, therefore, the must populated atomic levels must be the ground ones which implies that the spectrally resolved line opacity must be mainly ruled by the He ai/5 r lines and, in minor proportion, by the H Xx p x y ones. Finally, the third region is associated to temperatures ranged from 50 to 1000 eV. In this case, the ions present in the plasma are Li-like, He-like, H-like and the fully stripped one, disappearing the Li-like ion for densities lower than lCT 5 gcm~3 and for higher densities for temperatures larger than 100 eV. For this last density of matter, and for lower ones, and at a temperature of 63 eV we have found that only the He-like and H-like ions are present in the plasma and both with the same fractional population , i.e. 0.50. The contribution of the fully stripped ion becomes noticeable for temperatures higher than this. We can see form the figure that the maximum value of the fractional population of H-like ion is reached at temperatures around 80 eV for all the densities considered, decreasing when the temperature increases. Finally, for temperatures higher than 100 eV the H-like and the fully stripped ions are almost the only ones present in the plasma and the later becomes the most relevant ion for temperatures higher than 115 eV. In this case the line opacity is mainly ruled by the H-like ion lines and when the CE can be assumed the H Xx p x y lines are, practically, the only contributions to the line opacity.
Obviously, the wide range of plasma conditions considered in this work covers different thermodynamic regimes, i.e. LTE or NLTE. The knowledge of the plasma regime for a given density and temperature condition could entail a considerable saving in calculation time since the resolution of SB equations is considerably faster than CRM ones and the complexity is also reduced. Therefore, it is very useful to have criteria that permit us to establish the thermodynamic regime of the plasma for given electron temperature and density of matter. In the literature, there are available some qualitative criteria to estimate when an ion or ion level can be considered under LTE conditions [45, 46] . However, in this work it is employed a criterion that can state the regime of the whole plasma: when the ion populations, p¡, calculated from SB equations, pf B , present a mean deviation (Ap), with respect to those obtained from the CRSS model, p¡ : RSS } smaller than a certain value imposed (Ap*) then it is considered that LTE regime has been achieved. Otherwise, the plasma is under NLTE conditions. The mean deviation is calculated as
where i runs over the whole set of ions. This criterion was applied to carbon [27], aluminum [22] and xenon [47, 48] plasmas. In those works the maps of the thermodynamic regimes were obtained by fixing Ap* = 0.1( = 10%). It was proved in [48] that when this criterion is fulfilled for the whole plasma the Griems criterion for each ion in the plasma is, in general, also verified. This fact is expected since the two conditions that must be fulfilled in Griem's criterion can be also obtained using the Lotz and Kramers formulas for the ionization and radiative recombination rate coefficients [46] , which are the ones used in ABAKO for that processes. In Fig. 2 it is shown the map of thermodynamic regimes for an optically thin carbon plasma according to the criterion of Eq. (19). It is observed that as the density decreases the maximum value of the temperature at which the plasma can be assumed under LTE conditions also does. Furthermore, we obtained that for matter densities less or equal to 10~6 g cm~3 the mean relative differences between LTE and NLTE ion populations are always larger than 10% and, therefore, according to the criterion purposed, the plasma is in NLTE. We have also checked that the fulfilment of this criterion in the ion populations also ensures a good agreement between atomic level populations, and therefore in the radiative properties, calculated using the CRSS or the SB equations, obtaining relative differences around or lower than 10% in the Rosseland and Planck mean opacities, as it is shown in the next subsection.
For plasma temperatures lower than 100 eV we have obtained that this criterion ensured that the relative deviations in the average ionization, AZ, were always around or lower than 1% and therefore the criterion of Table 4 Analysis of the LTE criterion (in percentage) for Rosseland and Planck mean opacities for several temperatures and matter densities. T e and p are given in eV and in g cm -3 , respectively. Eq. (19) can be substituted by a criterion of a 1% on the average ionization. However, for electron temperatures higher than 100 eV and densities larger than 10~5 g cm~3 this criterion based on the average ionization is no longer valid, since we have obtained values of AZ lower than 1% whereas the criterion in ion populations is not fulfilled and, therefore, the plasma is in NLTE, see Fig. 2 . Furthermore, it is worth pointing out that for these plasma conditions, where only the H-like and the fully stripped ions are present in the plasma, the criterion of Eq. (19) must be applied without including the fully stripped ion in the calculation of the mean relative deviation in order to ensure that Ap is greater than 0.1. For temperatures higher than 200 eV the fractional population of the H-like ion becomes insignificant and therefore the criterion would predict that the plasma is in LTE. However, as it is known, for a given density, as the temperature increases the NLTE regime must remain, as we obtain when we compare the H-like level populations and the mean opacities. Finally, we would like to point out that as we have assumed in our CRSS model a Maxwell-Boltzmann distribution for the free electrons (as many available collisional-radiative codes), at very high temperatures CRSS and SB calculations of the radiative and mean opacities will be very similar since the main contribution to the opacity is the free-free one.
Analysis of the spectrally resolved and mean radiative opacities
In order to check the results of opacity we show in Table 3 the comparison between the results provided by ABAKO/RAPCAL and LEDCOP codes [50] of the Rosseland and Planck mean opacities. The atomic level populations in both codes have been obtained assuming the plasma in LTE. Generally, it is observed a good qualitative agreement between them and the main differences could be mainly due to the different atomic models assumed in both codes. Thus, in ABAKO it is used a DLA relativistic approach whereas in LEDCOP a detailed-term-accounting (DTA) atomic model based on LS coupling is employed.
We have also performed a comparison of the mean opacities with those provided by DESNA code [51], see Fig. 3 for a density of matter of 10~5 gem -3 and for a wide range of electron temperatures. In this case, the mean opacities were calculated in both codes using a CRSS model. Generally, a good agreement is found between both simulations being the main differences due to the atomic model employed since in DESNA is a detailed-average-accounting (DCA) one that includes 600 atomic configurations whereas in ABAKO a DLA model was implemented including about 4500 atomic configurations.
Once it has been checked the qualitative accuracy of the mean opacities provided by ABAKO/RAPCAL, we will analyze the CRSS and SB calculations of the spectrally resolved and mean opacities using this code. Thus, in Fig. 4 are plotted the spectrally resolved opacities for the isodense sequences of 10~3 g cm~3 and 10~6 g cm~3 and four temperatures (5, 20 , 500 and 100 eV) calculated using the same set of atomic configurations but with atomic level populations obtained from both the CRSS and the SB equations. In the figures, each region of the photon energy mesh in which the line transitions are located, i.e. 0-150 eV and 250-600 eV, has been divided uniformly into 2 x 10 3 points. We would like to point out that the number of line transitions included depends on the plasma conditions, due to the effect of the continuum lowering at high densities, and also on the criterion used to skip weak line transitions since we only include transitions from atomic levels with fractional populations larger than 10~1 2 . For example, for a given density of matter of 10~3 g cm~3 and electron temperatures of 5 eV and 50 eV the numbers of transitions considered are around 10 5 and 10 3 , respectively. With respect to the orders of magnitude of the different line broadenings considered, i.e natural, Doppler and collisional, they depend on plasma conditions. Thus, for example, for a density of 10~3 g cirr 3 and at 5 eV, they are around 10~5, 10~4 and 1 eV, respectively. For the same temperature but for a density of matter of 10~6gcrrr 3 the collisional broadening decreases to 10~3 eV, whereas for the density of matter of 10~3 but for an electron temperature of 50 eV the Doppler broadening increases to 10~3. At the density of matter of 10~3 g cm~3 and electron temperatures of 5 and 20 eV both spectrally resolved opacities are very similar whereas for the other two temperatures, 50 and 100 eV, noticeable discrepancies are observed. These results agree with the ones obtained using the criterion of Eq. (19) (see Fig. 2 ) since it predicted that for this density the change from LTE to NLTE of the plasma regime is produced for temperatures higher than 30 eV. Thus, for example, at 30 eV we obtained that Ap = 0.03 (and AZ = 0.60) and relative differences, in percentage, in the Rosseland and Planck mean opacities around 5.20% and 0.50%, respectively. On the other hand, for a temperature of 50 eV, Ap = 0.88 and AZ = 1.70, and the relative differences in the Rosseland and Planck mean opacities are, in this case, around 60%. For the density of matter of 10~6 gcm~3 the plasma is in NLTE for all the temperatures considered (see Fig. 2 ) and, therefore, in Fig. 4 we can detect significant differences between CRSS and SB opacities. For example, at 20 eV the relative differences in the Planck and Rosseland mean opacities are 62% and more than 100%, respectively. More examples of the relative differences, in percentage, between CRSS and SB calculations of the ion populations, average ionizations and in the mean opacities are listed in Table 4 . From the table it is detected that when LTE regime can be assumed, according to the criterion in the ion populations, the relative differences in the Rosseland and Planck mean opacities calculated using the CRSS and the SB equations are always around or lower than 10%. As it is known, the mean opacities depend on the weighting function (the Planckian distribution of photon energies or its temperature derivative) whereas that dependence is weaker in the calculation of the multigroup opacities (in particular, as the number of groups increase that dependence tends to vanish). As a consequence, in the calculations of the mean opacities, the main contribution comes from those transitions which photon energies that lie in the spectral window of the weighting functions. For this reason we can obtain relative deviation of the mean opacities lower than 10% in some NLTE plasma conditions, as it is shown, for example, in Table 4 for 80 eV and 10~2 g cm~3 where the relative deviation of the Rosseland mean opacity is about 5%. Furthermore, we have represented in Fig. 5 Planck and Rosseland mean absorption coefficients as a function of electron temperature in the range of density of matter given by ÍO^-IO -7 gem -3 (electron densities in the range 10 16 -10 22 cm-3 ) calculated using CE, CRSS and SB equations. In general, the SB calculations underestimate the Planck mean absorption coefficients with respect to those obtained from CRSS calculations, increasing their relative deviations either when the density decreases or the temperature increases. On the other hand, at high temperatures, the Rosseland mean absorption coefficients obtained from CRSS and SB calculations tend to the same value. It is due to the scattering Thomson processes, which is dominant at these plasmas conditions, and it is independent on the level populations in our model.
Finally, in Tables 5 and 6 are listed the values of the Planck and Rosseland mean opacities, respectively, in a wide range of plasma conditions, calculated using the CRSS model implemented in ABAKO.
Analysis of the multigroup opacities
As is well known, the mean opacity or gray atmosphere approximation is a crude way to solve the radiative transport equation and, therefore, it is interesting to analyze the spectrally resolved opacity into the context of the multigroup opacity model. In Table 7 are shown the relative differences of the Planck multigroup opacities, at 30 and 50 eV, between the opacities calculated using the CRSS model and the SB equations. The spectrum of photon frequencies has been discretized into 30 energy continuous groups, from 0 to 600 eV, assigning a energy group to a given photon and a mean opacity for each energy group from the average of the spectrally resolved opacity. In a similar way in Table 8 we show the relative difference of the Rosseland multigroup opacities. In Figs. 6 and 7 are compared the CRSS and SB calculations of the Rosseland and Planck multigroup opacities vs. the groups of the photon energy at 50 and lOeV and 10~5gcirr 3 . In general it is detected that the relative deviations obtained in the multigroup opacities are larger than for the mean opacities. However, we can conclude that when the Table 7 Relative differences of the Planck multigroup opacities (in percentage) between the opacities calculated using the CRSS model and the SB equations. The electron temperatures are (a) 30 eV and (b) 50 eV. The density of matter is given in gem -3 and the range of photon energies (AE) is given in eV.
Table 8
Relative differences of the Rosseland multigroup opacities (in percentage) between the opacities calculated using the CRSS model and the SB equations. The electron temperatures are (a) 30 eV and (b) 50 eV. The density of matter is given in gem -3 and the range of photon energies (AE) is given in eV. criterion in the ion populations is fulfilled, both the relative differences in the Rosseland and Planck mean opacities and multigroup opacities are always less than or equal to the 10%. For example, at 30 eV and 10~3 g cm~3, where the plasma is in LTE according to Fig. 2 , the relative deviations of the Planck and Rosseland mean opacities are 5.2% and 0.5%, respectively (see (4)) obtaining relative deviations in the multigroup opacities lower than 10%, as it can be observed in (7) and (8) . A similar behaviour can be also observed at 50 eV and 10 _1 g cm~3. On the other hand, according to the map of thermodynamic regimes (Fig. 2) and the values given in Table 4 , the carbon plasma is in NLTE at 50 eV and 10~2 gcm~3 since the relative deviation of the ion populations is 0.21, and, therefore, the criterion is fulfilled. In this case the relative deviations in the mean opacities are close to 10% but there is a noticeable number of frequency groups with relative deviation in the multigroup opacities around the 20%. This result is also obtained at 80 eV and 10~2 g cirr 3 where the relative deviation of the ion population is 0.5, and the plasma can be considered in NLTE, being the relative deviation in the Rosseland mean opacity close to 5% but for almost all of the frequency groups considered we obtain relative deviations in the multigroup opacities larger than 50%.
Conclusions
In this work an analysis of the influence of the thermodynamic regime in the calculation of spectrally resolved, mean and multigroup opacities has been presented for optically thin carbon plasmas in a wide range of matter densities and electron temperatures. A criterion based on the relative mean deviations between ion populations calculated using the CRSS and SB equations implemented in the ABAKO code has been proposed. According to the criterion, when the relative differences are lower than 10%, LTE can be assumed. According to this a map of the thermodynamic regimes has been presented. We have checked that, in general, when the criterion is fulfilled, the relative differences in the average ionization are less than or equal to 1% and in Planck and Rosseland mean opacities less than or equal to 10%. However, for temperatures where the ions in the plasma are only the H-like and the fully stripped ones, in order that the criterion works, the fully stripped ion must not be included. In particular, for high temperatures, where the fully stripped ion is the only one in the plasma, the criterion is no longer valid. We have proved that when the criterion is satisfied, the spectrally resolved opacities calculated using the CRSS and the SB equations are quite similar. Finally, we have also checked that when the criterion is fulfilled the relative differences in the multigroup opacities are, in general, lower than 10%.
